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Abstract - The ATLAS Collaboration has started the con- 
struction of the superconducting magnet system of the ATLAS 
Experiment which will be installed in the ring of the new Large 
Hadron Collider at CERN, operational in year 2005. The 
ATLAS detectors require for the particle separation a specific 
distribution of magnetic field that will be generated by a system 
of superconducting coils. The system with overall dimensions of 
20 meter diameter and 26 meter length consists of three Toroi- 
dal Magnets and a 2.5 m diameter Central Solenoid. The system 
is unique in size and complexity. In the paper the various mag- 
nets are introduced as well as the common infrastructure and 
services required. The status of the project is reviewed. 
1. INTRODUCTION 
The ATLAS Collaboration, a joint enterprise of about 144 
institutes in 34 countries world-wide including CERN, is 
currently building a general purpose detector. The detector 
will analyse proton-proton collisions of 14 TeV level pro- 
vided by the Large Hadron Collider (LHC) at CERN starting 
in year 2005. A specific magnetic field distribution is re- 
quired for separating and measuring the momentum of the 
produced charged particles. The ATLAS Magnet System [ 11 
consists of 4 superconducting magnets: 
a Central Solenoid (CS), 
0 two End-Cap Toroids (ECT). 
a Barrel Toroid (BT) , 
The arrangement of the bare windings of the coils is illus- 
trated in Figure 1. 
Fig. 1. Spatial arrangement of the bare windings 





The Central Solenoid provides the magnetic field for the in- 
ner detector while the three Barrel and End-Cap Toroids 
generate the magnetic field for the muon detectors in the 
mter and forward directions respectively. Since the direction 
3f the toroidal field is perpendicular to the solenoid field, the 
solenoid is magnetically de-coupled from the toroids. 
Each of the three toroids consists of 8 coils (flat pancake 
type) assembled radially and symmetrically around the beam 
axis. The ECT coil system is rotated by 22.5' with respect to 
ihe BT coil system to allow for radial overlap and to optimise 
the bending power in the interface regions of both coil SYS- 
tems. 
The weight of the coils and the Lorentz forces require a 
mechanical structure enclosing the windings and a supporting 
structure between the coils. As the coils are superconducting, 
cooling circuits and cryostats for optimum thermal insulation 
of the coils are a necessity. Figure 2 shows the Magnet Sys- 
tem with its mechanical structure. One ECT is shown in its 
parked position, required in order to have access to the core 
for maintenance of the detector. The overall dimensions of 
the Magnet System are determined by the huge Barrel Toroid 
that extends over a length of 26 m and an outer diameter of 
20 m. 
The magnet system will be installed 100 m underground in 
the 50,000 m3 size ATLAS cavern at collision point 1 in the 
LHC starting in year 2003, see figure 3. 
( i n s  t o t  Led! 
Fig. 2. Layout view of the ATLAS Magnet System. Overall sizes 26 m long, 
20 m diameter. The Central Solenoid is hidden in the centre and can not be 
seen. 
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Fig. 3. The magnets shown integrated in the detector, detector elements 
partly removed. The cavern dimensions are 30 x 53 x 35m3 and is located 
100-m underground. 
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A particular challenge of the ATLAS Magnet System is its 
size and the hybrid configuration of solenoidal and toroidal 
coil systems while accommodating the physics requirements 
of a light and open structure. The cryostats are dressed with 
detector elements and carry their weight of some 400 tons. 
The performance of the torojds in terms of bending power 
for muon detection is characterised by the field integral IBdl 
where B is the azimuthal field component and dl is a trajec- 
tory between the inner and outer radii of the toroids. The BT 
provides 2-6 Tm while the ECT contributes with 4-8 Tm. 
The ATLAS Magnet System is very large compared to 
other superconducting spectrometer magnets or for example 
the LCT and ITER type of fusion magnets which are typi- 
cally a factor 3 to 4 smaller in size. The magnets have to be 
engineered and constructed in a rather short period since al- 
ready in spring 2003 the installation must start. 
For the engineering and construction CERN/ATLAS 
works in close co-operation with 3 magnet laboratories. 
CEA-Saclay (F) is responsible for the engineering and in- 
dustrial follow-up of the Barrel Toroid, RAL (UK) does the 
same for the End Cap Toroids and KEK (J) takes care of the 
realisation of the Central Solenoid. In addition, the LASA (I) 
and NIKHEF (Nl) laboratories participate considerably in the 
development and production of the Barrel and End Cap 
Toroids respectively. The CERN effort is focussed on the 
infrastructure for assembly, testing, installation and common 
systems. Moreover CERN performs the overall project man- 
agement. 
The reference design as laid down in the Magnet System 
Technical design Reports [ l ]  was approved in September 
1997. Since then the construction has started. The major 
contracts for the manufacturing of the cold masses and cry- 
ostats will be placed in 1998. 
Before dealing with more details the main parameters 
characterising the BT, ECT and CS superconducting magnets 
are listed in Table 1. 
TABLE 1 MAIN DESIGN PARAMETERS OFTHE MAGNETS 
Conductor: 
Ratio A1:Cu:NbTi 28:1.3:1 19:1.3:1 
No of strands 
Strand diameter mm 1.3 1.3 
Critical current kA 58 60 
@5T,4.2K 
RRRAl -- >800 >800 
Operating point at ?6 30 30 
4.5K 
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I1 SUPERCONDUCTORS 
The type of conductor used in all coils is a composite of a 
flat NbTi/Cu Rutherford cable positioned in the centre of an 
aluminium stabiliser with rectangular cross section. The size 
of the cable and the section of the A1 are matched to the peak 
field in the coils and the stored energy respectively. In the 
case of the BT and ECT the cables are about 26 mm wide. 
This dimension is a factor 2 larger than the usual 10-16 mm 
wide cables commonly used in accelerator dipole magnets. 
For the BT and ECT conductors, the stabiliser is high purity 
aluminium while in the case of the CS conductor special 
cold-worked and (Ni) doped aluminium is applied that pro- 
vides increased mechanical strength. A cross-section of the 
BT conductor as specified in Table 1 is shown in Figure 4. 
The production technology of co-extruding or plating Alu- 
minium and NbTi/Cu cable has been actively developed in 
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industry during the last 3 years. Already 6 km of the final CS 
conductor was delivered early this year. The remaining 6 km 
CS conductor and the first full-size units of 800 and 1700-m 
long ECT and BT conductors are expected end of 1998. Be- 
sides the critical current, the most important criterion for 
accepting conductor is the presence of inter-metallic bonding 
between the strands and the aluminium. This is required for 
heat and current transfer in order to guarantee proper cool- 
ing, stability and protection against conductor burn-out. 
At the nominal field of the toroids the superconductors op- 
erate at 30 % of the critical current with a temperature mar- 
gin of 1.9 K. The solenoid conveniently operates at 20 % of 
the critical current with a 2.7 K temperature margin. 
Superconducting cab1 e 
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Fig. 4. Cross-section of the Aluminium stabilised NbTilCu superconductor 
for the Barrel Toroid, 57 x 12 mm2. 
I11 BARREL TOROID 
The Barrel Toroid [2,3], shown in Figure 5, consists of 8 
coils. Each coil has the shape of a flat racetrack frame en- 
closing two double pancake windings. The windings are 
housed in an aluminium alloy casing that guarantees cooling, 
Voussoirs 
CERN feet ____ 
Fig. 5. Barrel Toroid assembly comprising 8 coils interconnected by a cryo- 
ring for services and structural elements. 
rigidity and transfer of the magnetic forces. 
The use of double pancakes in the coil windings is com- 
mon to both the BT and ECT. As an example, the windings, 
coil layout and cryostat section of the Barrel Toroid are 
shown in Figure 6. Each coil has its own cryostat that trans- 
fers the forces between the coils. The toroidal structure is 
essentially built up with 8 cryostats and the linking elements 
between the cryostats, which provide mechanical stability of 
the whole structure. 
The coils are cooled in the indirect mode by circulating 
liquid helium in tubes welded onto the coil casings. The 
cryogenic service lines and superconducting bus connections 
of the coils are grouped inside the cryogenic ring located 
almost in the middle plane of the toroid. The cryogenic ring 
links the vacuum of the 8 cryostats and provides connection 
to the feed box. It contains all service lines and supercon- 
ducting bus bars. 
The cooling circuits of the eight coils are in parallel. An 
array of flow meters and valves in each line ensures the 
nominal He flow required for each coil. Cold pumps located 
in the feed box close to the BT drive the main helium flow. 
The thermal shields are cooled by high-pressure helium gas 
delivered by the refrigerator at 40 kelvin. 
\ C d i  &e 4.5 K 
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Fig. 6. Cross section of the double pancake coil windings of the Barrel 
Toroid and its positioning in the cryostat. 
IV END-CAP TOROIDS 
The two End-Cap Toroids [4,5], see Figure 7, are inserted 
in the Barrel Toroid at each end and line up with the Sole- 
noid. Each End-Cap Toroid consists also of 8 racetrack coils 
with pancake windings in aluminium alloy coil casing. The 8 
coil casings are cold-linked with a web structure and all as- 
sembled as a single cold mass in one large cryostat. The in- 
ternal forces in the toroids are taken by the cold supporting 
structure between the coils, which is essentially different 
from the warm structure design of the Barrel Toroid. 
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Fig. 7. One End Cap Toroid, 8 coils in a common cryostat. 
Due to the magnetic forces, the ECT magnets are pulled 
into the Barrel Toroid and the corresponding axial forces are 
transferred to the BT warm structure via the ECT cryostats 
and axial transfer points linking both magnet systems. The 
ECT cryostats have a classical turret for services. The two 
cryostats rest on a rail system facilitating the movement and 
parking of the ECT magnets for access to the detector centre. 
v CENTRAL SOLENOID 
The Central Solenoid [7] extends over a length of 5.3 m 
and has a bore of 2.4 m, see Figure 8. It is designed to pro- 
vide an axial magnetic field of 2 T in the inner detector, the 
centre of the tracking volume. The solenoid is as thin as pos- 
sible and mounted in the vacuum vessel of the Liquid Argon 
Calorimeter, thereby minimising material by eliminating two 
vacuum walls. The coil is wound in a single layer with the 
conductor bent on its small edge, see Figure 9. Minimum coil 
material is achieved by transferring the magnetic forces in 
both the A1 support cylinder and the conductor, which re- 
quires an aluminium-stabilised conductor with yield strength 
>85 MPa. The total thickness of the cold mass is 45 mm, 
12mm support cylinder and 30mm conductor. The maxi- 
mum hoop stress remains below 50 MPa and the materials 
operate within the elastic limit. The coil is indirectly cooled 
using the forced flow of two-phase helium through 6 parallel 
cooling circuits. The superconducting power and cryo- lines 
run through a 10-m long zig-zag chimney from the service 
platform through the detector to the cryostat. 
VI CRYOGENICS 
The concept for cooling the three magnets is indirect, con- 
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Fig. 8. Central Solenoid, 2.5 x 6 m, mounted in a common cryostat with the 
LiAr calorimeter. 
tubes welded to the A1 structure enclosing the windings. 
The peak temperature will be 4.8 K due to additional pres- 
sure by the He column of 20 m in the system. The Central 
Solenoid is directly coupled via a dewar to the refrigerator 
where as the Barrel and End-Cap Toroids have cold Helium 
pumps operating in a buffer dewar. 
The magnets are supplied from a central refrigerator provid- 
ing 6 kW at 4.5 K with a compressor flow of 500 g/s. 
suppon cylinder (5083-H32) 
/ ’ double layer of glass/polyimid/glass +epoxy rain 
’ ‘” \ \ \ \ AI stabilizer \4.5 (turn-to-turn p L h )  
1 conductor width 
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pure-AI strips quench propagator (RRR Z 1500) 
Fig. 9. Longitudinal section of the coil windings in the CS 
showing the layer of conductors and the support cylinder. 
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This covers the thermal budget of the four magnets i.e. 
2.5 kW isothermal refrigeration at 4.5 K, 10.5 g/s Helium 
flow for the current leads, and 12.4 kW for the 40-80 K 
thermal shields. In addition, a dedicated pre-cooling unit with 
LN2/He heat exchanger using 24 m3 LN2 per day is installed. 
The system has the flexibility of various operational scenar- 
ios whereby individual magnets can operate in either cool- 
down, quench recovery or normal operation mode. The re- 
frigerator cold box, LN2 pre-cooling unit and auxiliary 
equipment are housed in the side cavern, see Figure 10, while 
the He screw compressors, purification and recuperation 
systems and the 15000 m3 He and 100 m3 LN2 storage tanks 
are installed at the surface. 
Fig. 10. Layout of the main and service cavern, The latter houses the refrig- 
eration, power and control systems. 
VI1 POWER, PROTECTION AND CONTROL 
The 8 coils in the BT are connected in series, so are the 16 
coils in the ECTs. Three independent power circuits, two for 
21 kA (BT and ECT) and one for 8 kA (CS), energise the 
magnets. The circuits, see Fig. 11, consist of the power sup- 
ply, a circuit breaker, 100 m long bus bars, He cooled current 
leads, the magnet and a diode-resistor combination connected 
across the supply and breaker. For the BT a 2-mOhm resistor 
is present while for the ECTs and CS the bus bar resistance 
of 0.2-0.4 mOhm suffices to run down the magnets in normal 
mode. The components of the circuit will be standardised and 
the power supplies are built up from identical 3 .2W16V 
modules. The ramp-up times of the magnets are 0.5, 1 and 2 
hours for the CS,  ECT and BT respectively. Un-interruptable 
power supplies are present for vital interlock, protection and 
20kA 16V i DC I jUPPLY MAGNET I RUN-DOWN DIODES Currml Lead T w e t  R I s s  
Fig. 1 1. Electrical circuit of the magnets. 
control circuits. The power supplies, breakers, diodes and 
run-down resistor are located in the side cavern. 
The indirect cooling of the coils necessitates a bonded coil 
structure by which the windings are epoxy bonded and in 
good thermal contact with the aluminium coil formers with a 
low-stress interface in order to limit the mechanical distur- 
bance spectrum that may lead to premature quenches. 
The quench protection system is an active one. After a 
quench detection in a coil or bus connections, heaters in the 
coils are fired in order to safely dissipate the stored energies 
of 1080, 500 and 38 MJ for the BT, ECTs and the CS re- 
spectively in the coil windings without overheating the con- 
ductors. The peak temperature will remain below 100 K. 
Each magnet has its own magnet control and safety system 
similar in terms of architecture, software and technology fa- 
cilitating reliability, ease of operation and maintenance. It 
can work independently and as an integrated part of the 
global ATLAS control system. The control system consists of 
sensors and actuators, programmable logic controllers, the 
magnet stand-alone safety system and the magnet supervisor. 
The control system is interfaced with the top level 
ATLAS control room, the local refrigeration plant, the cen- 
tral cryogenics control room, the LHC control room, the de- 
tector and experiment safety system, and various technical 
services. The various components communicate over a field- 
bus while for critical areas hard-wired lines will be used. The 
safety of the magnets is ensured by independent hard-wired 
logic and PLC circuits controlling slow dump (2 hours ramp- 
down) or fast dump ( 4 0 0  s) of the stored energies. Safety 
sensors and channels are doubled. 
VI11 ASSEMBLY AND TESTING 
Presently a 9 m long short version of the 25 m BT coils, 
called Bo, is under construction and will be delivered to 
CERN in autumn 1999, see Figure 12. Its cross-section is 
full-scale. The final conductor is used and the coil structure is 
the same, concerning coil casing, thermal shield, tie rods, 
supports and the cryogenic implementation. For the test of 
Bo a magnetic mirror will induce the same level of forces per 
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unit length as the entire toroid on an individual coil. The coil 
will be tested under severe conditions in order to verify con- 
ductor and coil design. 
Figure 12. The 9 m long Bo model coil currently under construction 
The 8 Barrel Toroid coils, the 2 End-Cap Toroid magnets 
as well as the Central Solenoid and all other major parts will 
undergo thorough performance and acceptance tests on sur- 
face at CERN before further integration in the detector. 
The two End-Cap Toroid magnets as well as the Central 
Solenoid will be fully assembled and tested on surface and 
then transported and installed as complete systems in the 
cavern. However, it is too costly to do a blank assembly and 
full test of the Barrel Toroid because of its size. Therefore 
the 8 individual coils will be tested on surface in a configu- 
ration that can approximate the final load the coil will expe- 
rience in the toroid. 
After installation in the cavern, see Figure 13, the Barrel 
Toroid will be tested first. Then it will be integrated with 
both End Cap Toroid Magnets and the Central Solenoid fol- 
lowed by a performance and acceptance test of the total 
ATLAS Magnet System. At that occasion all the coils will 
work together and their nominal operation conditions can be 
finally checked. 
IX CONCLUSIONS 
A particular challenge of the ATLAS Magnet System is its 
record-breaking size and the mixed configuration of solenoi- 
dal and toroidal coil systems while accommodating the 
physics requirements of a light and open structure. The Mag- 
net System is at present by far the largest integrated super- 
conducting magnet in the world and has to be engineered and 
constructed in a rather short period. 
The reference design was approved in 1997 and the con- 
struction has started. currently final specifications are issued 
and the contracts for manufacturing of superconductor, cold 
mass and cryostats are being placed in industry in 1998. 
Figure 13. The ATLAS site at point 1 in the LHC. The underground cav- 
ems and the two shafts are shown. Schematically is illustrated how the 8 
Barrel Toroid coils and the two assembled End-Cap Toroids will be lowered 
into the cavern. 
In autumn 1999 the 9 m long model coil is expected to ar- 
rive for testing. The first full-size coil is expected to arrive at 
CERN in middle of year 2000 and finally the complete sys- 
tem will be commissioned in year 2004. , 
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